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We have fabricated an encapsulated monolayer MoS2 device with metallic ohmic contacts through a pre-
patterned hBN layer. In the bulk, we observe an electron mobility as high as 3000 cm2/Vs at a density of
7 × 1012 cm−2 at a temperature of 1.7 K. Shubnikov-de Haas oscillations start at magnetic fields as low as
3.3 T. By realizing a single quantum dot gate structure on top of the hBN we are able to confine electrons
in MoS2 and observe the Coulomb blockade effect. By tuning the middle gate voltage we reach a double dot
regime where we observe the standard honeycomb pattern in the charge stability diagram.
Contrary to graphene, in monolayer molybdenum
disulfide (MoS2) inversion symmetry is broken. This,
together with the presence of time-reversal symmetry,
endows single layer MoS2 with individually addressable
valleys in momentum space at the K and K′ points in
the first Brillouin zone.1–4 This valley addressability fa-
cilitates the momentum state of electrons to be used for
novel qubit architectures. Recent theoretical works have
been exploring the possibility of using spin and valley
states of gate-defined quantum dots in 2D MoS2 as quan-
tum bits.5–7 In this manuscript, we describe the obser-
vation of Coulomb blockade in single and coupled dot
in a high quality single layer MoS2. The high electronic
quality of our monolayer MoS2 results in the observation
of Shubnikov-de Haas oscillations (SdHO) occurring at
magnetic fields as low as 3.3 T. The 2DEG in the MoS2
can be electrostatically depleted below the gate pattern
with resistance values exceeding the resistance quantum
h/e2 by orders of magnitude. We observe Coulomb block-
ade resonances close to pinch-off indicating single elec-
tron tunneling in and out of the dot. By adjusting the
gate voltages, we are able to tune the electrostatic land-
scape inside the dot and to form a double dot system
within a single dot gate structure.8–11
In Fig. 1(a), we show the schematic of a monolayer
MoS2 (∼ 0.7 nm thick) encapsulated between two hexag-
onal boron nitride (hBN) layers. The measured MoS2
flake was exfoliated from natural bulk crystal (SPI sup-
plies). The bottom hBN layer is ∼ 30 nm thick and
works both as an atomically flat substrate and as a di-
electric that isolates the MoS2 from a graphite backgate.
The graphite gate enables us to control electrostatically
the electron density in MoS2 with the voltage Vbg. The
layers thicknesses were determined by atomic force mi-
croscopy (AFM). The top hBN layer (∼50nm thick) has
a)Electronic mail: pisonir@phys.ethz.ch
been pre-patterned using E-beam lithography and reac-
tive ion etching.12 This enables us to evaporate metallic
contacts (Ti/Au) on top of the MoS2 layer where the
hBN has been etched away, without exposing the chan-
nel region to organic residues remaining from the fab-
rication process.13 Prior to metal evaporation, the het-
erostructure has been annealed in forming gas (Ar/H2)
at 300◦C for 30 minutes in order to remove most of the
organic residues on top of the MoS2 contact regions and
to achieve ohmic contact behavior. 5 nm of Ti and 65 nm
of Au were deposited by means of electron-beam evapo-
ration at a pressure of ∼ 2×10−8 mbar. This fabrication
process enables us to realize ohmic contacts on monolayer
MoS2 without the use of graphene or Co/h-BN electrodes
as in previous works.14,15 Fig. 1(b) shows the optical mi-
crograph of the device where the monolayer MoS2 is out-
lined in pink. The MoS2 crystal was exfoliated and the
heterostructure assembled in an argon environment (H2O
and O2 levels < 0.1 ppm).
16,17 The top hBN serves as a
dielectric layer for the top gate structure. Fig. 1(c) dis-
plays the scanning electron microscope (SEM) image of
the top gate structure in which the voltages applied to
the gates are labeled VsgL, Vpg, VsgR and Vwg. To avoid
electrostatic inhomogeneities, the gate structure has been
deposited on a bubble-free region on top of the MoS2.
The gate-defined lithographic dot radius is ∼ 70 nm.
Fig. 2(a) displays the measured photoluminescence
(PL) spectrum at 4 K and the AFM height signal (in-
set) of the MoS2 flake. The shown PL spectrum was
measured at Vbg = -1 V, where the sample is devoid of
free electrons. We note that the PL signal is slightly
distorted on the shorter wavelength side because of the
longpass filter used to suppress the excitation HeNe laser.
The Full Width at Half Maximum (FWHM) of the exci-
ton resonance is ∼ 4 meV and the peak is centered at a
wavelength of 644 nm corresponding to ∼ 1.925 eV. For
a few layer sample the PL spectrum consists of multiple
emission peaks and lower PL intensity, we then conclude
that our sample is a single layer MoS2.
18 The AFM height
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Figure 1. (a) Cross-sectional schematic of the MoS2-based van der Waals heterostructure. The top hBN has been patterned
by means of e-beam lithography and reactive ion etching, before being picked-up. Ti/Au metallic leads have been evaporated
directly in contact with the MoS2 layer. (b) Optical micrograph of the device. A monolayer MoS2 (pink dashed lines) has been
encapsulated between two hBN flakes. We use graphite as a backgate and Ti/Au contacts (numbered 1-4) evaporated on top
of the MoS2 layer. (c) SEM image of the single dot device. The structure is realized on top of hBN, bright regions correspond
to the metallic electrodes. For the Coulomb blockade measurements (Fig. 3), Vwg = -8 V.
(a) (b) (c)
Figure 2. (a) PL spectrum for monolayer MoS2 at Vbg = -1 V. The PL peak shows a FWHM ∼ 4 meV and is centered at
∼ 1.925 eV as determined with a Lorentzian fit. We use a HeNe excitation laser. (b) Linear I Vsd curves are observed for
Vbg≥1.5 V at T ∼ 1.7 K. Different colors correspond to different Vbg. (c) Two-terminal resistance as a function of B field for
a single layer MoS2 device measured at T ∼ 1.7 K and n ∼ 7.6 × 1012 cm−2.
signal shows a step height of ∼ 0.7 nm, in agreement with
previous single layer MoS2 characterizations.
19 Fig. 2(b)
shows the low temperature (T ∼ 1.7 K) current (I) flow-
ing through the device as a function of the voltage (Vsd)
applied between two electrodes (2 and 4 in Fig. 1(b))
at various Vbg and zero voltage between patterned top
gates and 2DEG. Linear I-Vsd curves are observed for
Vbg≥1.5 V indicating ohmic contact behavior. The re-
sistance decreases with increasing Vbg as expected for an
n-type semiconductor.15 In order to estimate the quality
of our device we performed magnetotransport measure-
ments at T ∼ 1.7 K, using standard lock-in techniques
at 80.31 Hz. Fig. 2(c) shows the resistance R24,24 as a
function of magnetic field B, at the Hall density n ∼ 7.6
× 1012 cm−2. We observe the appearance of SdHO at B
∼ 3.3 T, yielding a lower limit for the mobility of 3000
cm2/Vs.
The 2DEG in the MoS2 can be locally depleted by ap-
plying negative voltages to the top gate structure. This
structure allows us to confine electrons in a region of
space small enough to observe the Coulomb blockade ef-
fect.20 Fig. 3 displays the charge stability diagram and
the transport spectroscopy of the quantum dot, at T ∼
1.7 K and Vbg = 3.4 V. By varying Vpg we can modify
the electrostatic potential landscape inside the dot and
tune the coupling strength in order to observe both single
and double dot regimes. Fig. 3(a, d) show the differen-
tial conductance on a logarithmic scale as a function of
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Figure 3. (a)(d) Logarithm of the single and double dots differential conductance as a function of the barrier gate voltages
VsgR and VsgL measured at T ∼ 1.7 K and Vbg = 3.4 V. Dark regions indicate low conductance, bright represent high
conductance. The color scale is the same for both figures. (b)(e) Coulomb blockade diamonds in the single and double dots
regime. Differential conductance in logarithmic scale is displayed as a function of Vpg at T ∼ 1.7 K and Vbg = 3.4 V. The
color scale is the same for both figures. In (b) VsgL = -5.7 V, VsgR = -6.1 V. In (e) VsgL = -5.6 V, VsgR = -6.1 V. (c)(f)
Electrostatic potential landscape without and with the middle barrier potential that allows us to monotonically tune our device
from single to double dot behavior.
the left (VsgL) and right (VsgR) barrier gate voltages at
Vpg = -3.5 V and -4.8 V respectively. When Vpg = -3.5
V, close to pinch off, we observe parallel resonances with
intermittent Coulomb blockade for tunneling of electrons
on and off the single dot (Fig. 3(c)). The lines are rather
straight indicating that additional localized states possi-
bly caused by disorder in MoS2 are of minor importance.
The high quality of our monolayer MoS2 device yields a
mean free path of ∼ 150 nm, slightly larger than the dot
size. The measured conductance peaks exhibit a FWHM
∼ 5KBT as expected for thermally broadened peaks in
the multilevel transport regime.21 From the peaks spac-
ing along the VsgL and VsgR axis in Fig. 3(a), we esti-
mate the capacitance between the dot and the left and
right barrier gates to be ∼ 6.7 aF and ∼ 5.9 aF respec-
tively.20 By tuning the gate voltage Vpg to more negative
values, as shown in Fig. 3(d), we observe a hexagonal ar-
ray of lines which is the signature for the formation of
two coupled quantum dots (Fig. 3(f)).22 According to
the dimensions of the honeycomb pattern in Fig. 3(d),
the capacitances between the dot and the left and right
barrier gates can be determined to be ∼ 5.8 aF and ∼
4.8 aF respectively and the cross-capacitances to be ≤ 0.5
aF. Fig. 3(b, e) display the differential conductance on
a logarithmic scale as a function of the source-drain bias
Vsd and Vpg. In the single dot regime (Fig. 3(b), we ob-
serve regular even-spaced Coulomb diamonds. From the
height of the Coulomb diamonds along the Vsd axis, we
estimate the charging energy to be ∼ 2 meV. By employ-
ing Ec = e
2
80rr
,20 with r = 4 the relative permittivity of
hBN,23 we estimate the radius of the dot to be ∼ 280 nm.
The discrepancy between the estimated dot radius and
the gate structure design can be assigned to the presence
of the metallic gates and the adjacent source and drain
leads that significantly affect the capacitance.20 From the
Coulomb blockade diamond measurements, we read the
plunger gate lever arm αpg ∼ 0.19 as the ratio between
the charging energy and the peaks spacing along the Vpg
axis. In the double dot regime (Fig. 3(e)), we observe the
interchange of small and big Coulomb diamonds that,
together with the honeycomb pattern in Fig. 3(d), may
4indicate the presence of two quantum dots.20
In conclusion, we have developed a fabrication tech-
nique, that allows us to realize ohmic contacts on mono-
layer MoS2 by employing metallic gates evaporated di-
rectly on top of the MoS2 surface instead of using
graphene electrodes or Co/h-BN contacts,14,15 without
affecting the electronic quality of the 2DEG. We observe
the appearance of SdHO at lower magnetic field com-
pared to previous work,15 indicating an electron mobil-
ity exceeding 3000 cm2/Vs. By electrostatically deplet-
ing the MoS2 2DEG we are able to confine electrons and
observe Coulomb blockade effects in single and double
dots. The samples are clean enough that the disorder-
localized states do not affect the experimental observa-
tions. Gate-defined quantum dots formed in 2D semi-
conducting Transition Metal Dichalcogenides are the first
step towards the realization of spin-valley qubits, filters
and other intriguing valleytronic devices.5,7,24
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